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Abstract

Self-supported gradient bilayer NaA zeolite membranes were hydrothermally converted
from geopolymer precursors for pervaporative dehydration of the propylene glycol methyl
ether (PGME)/water azeotrope. XRD confirms crystallization of amorphous geopolymer
into NaA zeolite. The 9 mm-thick membrane comprises a thin surface NaA-selective
layer and a porous substrate providing low-resistance feed transport. The membrane
shows preferential water adsorption and separates via the adsorption—diffusion mechanism.
Performance depends on feed temperature and PGME concentration. At 30 °C and 95 wt%
PGME, it achieves a flux of 1.1 kg'm~2-h~! and an ultrahigh separation factor of 2695, far
exceeding conventional PVA membranes. This low-cost membrane demonstrates excellent
potential for lab-scale organic solvent dehydration.

Keywords: adsorption; diffusion; geopolymers; pervaporative separation; self-supported
zeolite membrane

1. Introduction

In recent decades, zeolite membranes have attracted considerable attention because
of their potential application in separation membranes, catalytic membrane reactors, and
chemical sensors [1-6]. There has been success in forming MFI-, FAU-, and LTA-type zeo-
lites as separation membranes [7-11]. NaA zeolite has been used as a molecular sieve with
a pore size of 0.4 nm. Because NaA is hydrophilic, zeolite membranes of this material can
separate water from aqueous/organic mixtures or be used in seawater desalination [12-16].
Therefore, NaA membranes that are highly selective and permit a high flux are strongly
desired in the separation industry [12-16].

However, the disadvantage of classical zeolite membranes is the high price of the
ceramic or metal supports because of the high-temperature sintering manufacturing [7-16].
Geopolymers, first named by Davidovits in 1978 [17], are non-crystalline or quasi-crystalline
inorganic polymer gels with a network of three-dimensional structures [17-22], which can
transform into zeolite crystal under suitable composition and hydrothermal process. Al-
though our previous work [18,19] demonstrated the successful fabrication of self-supported
NaA zeolite membranes from geopolymers and their application in ethanol /water sepa-
ration, the application of such membranes for PGME dehydration has not been explored.
Given the azeotropic nature of the PGME/water system and the increasing industrial de-
mand for energy-efficient purification of this green solvent, the present study provides the
first systematic investigation of PGME dehydration using geopolymer-based NaA zeolite
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membranes. This work not only extends the application scope of these low-cost membranes
but also provides new insights into the adsorption-diffusion behavior of PGME/water
mixtures through NaA zeolite channels.

Propylene glycol monomethyl ether (PGME) is known as a universal green solvent
because of its low toxicity and excellent performances. The azeotrope of water and PGME
occurs at 99.6 °C. The structure of PGME is more complex and larger than that of water
molecules. General distillation methods cannot separate the PGME /water mixture effec-
tively, and using such methods results in a large energy consumption and high cost [23-26].
In the late 2000s, pervaporation technology presented several new advantages, such as low
operating temperatures, small floor space, low energy consumption, and environmentally
friendly usage. However, this technology has mainly been used for separating isotropic
systems and near-boiling, isomeric, and heat-sensitive liquids, for which the organic mem-
brane is not suitable for the pervaporation separation process [1-6]. Thus, exploring the
economic and environmental benefits of zeolite membrane pervaporation technology for
PGME separation is imperative.

2. Experimental Procedure

Based on previous work [18,19], the fabrication route of free-supported NaA zeolite
membranes is illustrated in Figure 1. Na-geopolymer precursors were prepared using
synthetic Al,O3-5i0, powder, sodium silicate solution (SiO;/NayO molar ratio = 1.0),
diluted from 39 wt% waterglass (Chunxu Chemical Co., Ltd., Nanning, China) with an
original SiOp /NapO molar ratio of 3.15, and sodium hydroxide (Guanghua Sci-Tech Co.
Ltd., Guangdong, China). These raw materials were mixed with distilled water at a solid—
liquid mass ratio of 1.0 to form geopolymer slurry with a molar composition of Al,Os-
25i0,-NayO. The homogeneous paste was cast into 40 mm-diameter disk molds, and the
membrane thickness was controlled by adjusting paste volume; the final geopolymer green
body obtained after demolding had a thickness of 9.0 mm. Sealed molds were cured at
60 °C for 24 h, then the geopolymer disks were transferred to Teflon-lined autoclaves with
50 mL deionized water and hydrothermally treated at 90 °C for 6 h to yield crystalline
free-supported NaA zeolite membranes.

Membrane microstructure was characterized by XRD and SEM. N, adsorption—
desorption tests at 77 K on a Micromeritics 3Flex instrument (Micromeritics Instrument
Corporation, Norcross, GA, USA) were used to analyze micropore and mesopore structures.
Before testing, all samples were vacuum-degassed at 250 °C for 48 h under vacuum below
1 x 1073 Pa to remove adsorbed impurities. The BET method calculated specific surface
area, and the BJH model derived meso/micropore size distributions from desorption
branches. Mercury intrusion porosimetry (MIP, AutoPore IV 9500, Micromeritics Instru-
ment Corporation, Norcross, GA, USA) was adopted to characterize macropores: samples
were dried at 120 °C for 12 h to remove free surface water, with intrusion pressure ranging
from 0.01 to 400 MPa, mercury contact angle of 140°, and surface tension of 485 mN/m for
pore size calculation.

Pervaporation (PV) performance was measured on a self-assembled lab-scale PV
apparatus (Figure 2) using PGME/water mixtures, with feed pressure maintained below
0.1 MPa. All tests employed 40 mm-diameter disk membranes with a total thickness of
9.0 mm and an effective permeation area of 12.57 cm?; PTFE gaskets were used for full edge
sealing to avoid leakage. The downstream side was kept under vacuum below 0.01 MPa,
and each batch ran continuously for at least 4 h to reach a stable permeation state. Permeate
vapor was condensed and collected in liquid nitrogen cold traps, and the mass fractions of
PGME and water in feed and permeate were quantified by GC equipped with a thermal
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conductivity detector (GC-TCD, Agilent 7890A, Agilent Technologies, Santa Clara, CA,
USA). Three core PV indexes were calculated as follows [13,14,19]:

J=m/At, 1)
o =c(l = cg)/[co(1 — )], 2
PSI = Ja, 3)

where m is the fluid volume that penetrated a membrane; A is the effective membrane area;
t is the pervaporation time; | is the permeation flux; « is the separation factor; and ¢y and ¢
are the PGME mass concentrations of the feeding and penetrating fluids, respectively.
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Figure 1. Schematic of the preparation process of non-supported zeolite membrane, embed-
ded photos.
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Figure 2. Schematic of the pervaporation process for PGME/water using a non-supported zeo-
lite membrane.
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3. Results and Discussions
3.1. Influences of the Membrane Structure on the Pervaporation Mechanism

The phase composition, framework structure, microscopic morphology, and pore
structure of the as-fabricated self-supported NaA zeolite membrane were systematically
characterized via XRD, FTIR, SEM, N, adsorption-desorption (BET), and mercury intrusion
porosimetry. As displayed in Figure 3a, the geopolymers before hydrothermal treatment
exhibit a broad diffuse amorphous halo centered at 20 = 24.5°, evidencing their intrinsically
non-crystalline nature with a faint crystallization tendency. After hydrothermal conversion,
this broad amorphous signal disappears entirely, accompanied by a set of well-defined
sharp diffraction peaks that perfectly match the standard pattern of LTA-type NaA zeolite
(PDF No. 39-0222). This observation confirms that the geopolymer gel undergoes com-
plete structural rearrangement to form pure crystalline NaA zeolite during hydrothermal

treatment [22].

—— Self-supported NaA zeolites membrane —— Self-supported NaA zeolites membrane
—— Geopolymer—based membrane —— Geopolymer—based membrane
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Figure 3. XRD (a) and FTIR (b) spectra of geopolymer-based membrane and self-supported NaA
zeolite membrane.

FTIR spectra further reveal the evolution of the Si-O-Al framework from geopolymer
to self-supported NaA zeolite membrane (Figure 3b). Both geopolymer and zeolite samples
exhibit characteristic absorption bands at 3410-3459 cm~! and 1644-1655 cm™~1, corre-
sponding to O-H stretching and bending vibrations of Si-OH, AI-OH, and adsorbed water,
demonstrating the inherent hydrophilicity of both frameworks. The pristine geopolymer
presents a Si-O-Si symmetric stretching peak at 711 cm~!. After hydrothermal conver-
sion, zeolite vibration bands appear at 1005 ecm~ 1, 668 cm~1, 553 cm ™!, and 466 cm !,
which are assigned to tetrahedral asymmetric stretching, tetrahedral symmetric stretching,
external double-four-ring linkage vibration, and internal T-O bending vibration, respec-
tively [4,22]. Except for the newly generated double-four-ring structural vibration, most
framework vibration modes are inherited from the original geopolymer precursor, in-
dicating that the NaA zeolite is in situ transformed with retention of the fundamental
aluminosilicate skeleton.

The microscopic morphology of the membrane is displayed in Figure 4a,b. Irregular
surface pores are formed due to inhomogeneous water evaporation during membrane
curing. Cross-sectional SEM observations show uniformly distributed polyhedral NaA
crystals with high crystallinity. Abundant intercrystalline voids are formed among zeolite
grains, providing favorable mass-transfer channels for molecular permeation.

For pervaporation through the zeolite membrane, the effective separation was deter-
mined by the non-zeolitic pores [7-16,19], as fewer non-zeolitic pores and smaller pore
sizes resulted in a higher separation factor. N, adsorption—desorption measurements were
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performed to quantitatively analyze the micro- and mesopore structure (Table 1). After
hydrothermal crystallization, the specific surface area increased sharply from 7.17 m? /g
to 105.45 m?/g. Notably, the micropore surface area increased from 0 to 101.99 m?/g,
while the external mesopore surface area decreased from 7.17 m?/g to 3.46 m?/g. This
variation indicates that the amorphous geopolymer structure was reconstructed and con-
verted into a micropore-dominated crystalline NaA framework. The average mesopore
diameter remained stable at approximately 3.25 nm for both samples. In addition, the
BET C-constant increased significantly from 42.5 to 186.3 after crystallization, demonstrat-
ing enhanced surface adsorption affinity originating from the formation of well-defined

zeolite micropores.

Figure 4. SEM micrographs of self-supported NaA zeolite membrane: (a) surface; (b) cross-sectional.

Table 1. Material properties of the geopolymer and hydrothermal samples.

Mesopore BET Surface

Sample Mlcrop(z)re Area Mesop(;re Area Diameter Dv(d) Area BET
m-/g m-/g 2 C-Constant
nm m-/g
Geopolymers 0 7.17 3.25 717 42.5
Hydrothermal 101.99 3.46 3.98 105.45 1863
samples

Mercury intrusion porosimetry was further used to characterize the interzeolitic
macro- and mesopore distribution of the self-supported membrane (Figure 5). The internal
pore structure is dominated by mesopores (10-20 nm) and macropores (1.5-3.5 um), with
an average overall pore radius of approximately 7.0 nm. Macropores mainly originate
from residual bubbles during geopolymer curing, whereas mesopores are generated from
polycondensation and dehydration. Such non-zeolitic pores can be further optimized by
vacuum defoaming, and a suitable membrane thickness of 9.0 mm was adopted in this
work to balance high flux and high separation factors, according to our previous studies.

The unique hydrophilic framework, well-developed micropore structure, and hier-
archical pore system endow the NaA zeolite membrane with excellent water-selective
adsorption performance. As shown in Figure 6, the NaA zeolite membrane exhibits prefer-
ential adsorption toward water rather than PGME in the binary solution. The adsorbed
water capacity reaches approximately 2.6 g, while PGME adsorption is only 0.5 g. As a
highly hydrophilic LTA-type zeolite, NaA possesses a strong affinity toward polar water
molecules but weak interaction with weakly polar PGME. Consequently, water molecules
are preferentially adsorbed and concentrated within the zeolite framework, while PGME
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adsorption is largely suppressed. This distinct selective adsorption behavior confirms the
excellent water-absorbing capacity of the fabricated NaA zeolite membrane, providing a
fundamental structural basis for efficient PGME/water pervaporation separation.
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Figure 5. The non-zeolitic pore size distribution curve as determined by a mercury injection apparatus.
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Figure 6. Adsorption equilibrium curves of PGME and water on self-supported NaA geopolymer
membrane at 30 °C.

3.2. Impact of the Equilibrium Adsorption on the Pervaporation Mechanism

In the pervaporative separation of organic/water mixtures with NaA zeolite mem-
branes, the ionic sites in the NaA zeolite play an important role in the transport mecha-
nism [9,10,15]. The activated surface diffusion of water through the membrane correlates
linearly with the partial pressure driving force, which originates in the separation of
solutes. The transport of water through the NaA zeolite matrix is composed of three
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steps [9,10,15,19]: (i) strong adsorption of the species on the zeolite cage, (ii) surface dif-
fusion of the species from cage wall to cage wall, and (iii) vaporization of the species
on the permeate side. Normally, any physical adsorption process includes both van
der Waals dispersion-repulsion forces and electrostatic forces, which consist of polariza-
tion, dipole, and quadrupole interactions. The transport mechanism behind PV diffusion
through self-supported NaA zeolite membranes was explained by the adsorption—diffusion
model [27,28].

To quantitatively elucidate the selective adsorption—diffusion mechanism of the self-
supported NaA zeolite membrane, dynamic adsorption tests were performed at 30 °C
using pure water and 83 wt% PGME aqueous solution. As shown in Figure 7a, the PGME
concentration remained nearly constant during adsorption, demonstrating negligible ad-
sorption affinity of the NaA membrane toward PGME molecules, which is consistent with
the intrinsic water-preferring property of hydrophilic LTA zeolite. Figure 7b presents the
time-dependent water adsorption behavior in pure water. The water uptake increased
rapidly, slightly declined, and finally reached equilibrium, exhibiting a consistent adsorp-
tion trend with that in PGME aqueous solution. The membrane achieved a maximum
water adsorption capacity of 2.73 g-(g zeolite) ~! within 13.7 h in pure water, whereas the
maximum adsorption was delayed to 25 h in the PGME-containing system. This delayed
equilibrium indicates that PGME molecules produce steric hindrance and occupy partial
surface sites, effectively inhibiting water adsorption and diffusion. Such prominent prefer-
ential water adsorption provides solid quantitative evidence for the adsorption-diffusion
mechanism and fundamentally accounts for the excellent PGME dehydration performance
of the fabricated NaA zeolite membrane.
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Figure 7. Dynamic adsorption curves of the NaA zeolite membrane at 30 °C: (a) Variation in PGME
concentration over time in 83 wt% PGME solution; (b) Time evolution of water adsorption capacity
in pure water.

Notably, despite its 9.0 mm total thickness, the monolithic membrane does not suffer
from reduced permeation flux due to its gradient bilayer structure. The selective layer is
merely a micrometer-thick NaA zeolite film on the surface, while the thick geopolymer
support contains abundant interconnected macropores that act as unobstructed channels
to deliver feed to the active layer. This thickness, optimized for mechanical stability,
successfully minimizes diffusion resistance for the permeate vapor, thereby maintaining a
high flux even at such a large bulk scale.
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3.3. Impact of PV Parameters on the Pervaporation Performance

Figure 8 showed the relationship between temperature (feeding temperatures were
30°C, 40 °C, 50 °C, 60 °C, and 70 °C) and separation factor. According to the “solution—
diffusion” theory, the temperature increase facilitated the PGME molecules’ activity on
the membrane surface and allowed them to diffuse through the membrane [26]. At the
same time and because of the high temperature, the free volume of the interior membrane
and the pore structures increased. This reduced the ability of the NaA zeolite membrane
to selectively separate PGME molecules. So, the separation factor decreased with the
temperature increment, and the higher the temperature was, the smaller the difference
between the temperature and the separation factor was.

3000
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—0— 80 wt.%
2500 +
—A— 85 wt.%
R —¥— 90 wt.%
§ 2000 | 95 wt.%
’jﬁ‘: L
= 1500+
.2
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Figure 8. Effect of temperature on the separation factor with different concentrations of PGME in
the feed.

Next, the pervaporation experiment with PGME (c = 95 wt%) was performed at
different temperatures. The effects of the feed temperature on the flux with 95 wt% PGME
in the feed are displayed in Figure 9. The total flux and partial flux of PGME increased
with increasing feed temperatures because of the increased activity of the components in
the mixture and the accelerated rate of molecular diffusion. Due to the high concentrations
of PGME, the number of water molecules in the feed was reduced; so, the partial flux of
water was small and slowly increased with temperature.

Figure 10 showed the effect of the feed concentration (70 wt%, 80 wt%, 85 wt%, 90 wt%,
and 95 wt%) on the separation factor. The size of the pores in the NaA membrane was
bigger than the diameter of the water molecule but far less than the size of PGME, so only
the water molecules could migrate through the hydrophilic membrane. The speed at which
the water molecules traveled into the zeolite pores decreased, as some pores were blocked
by PGME molecules at higher concentrations of PGME. Therefore, the separation factor
increased with the increase in the feed concentration. At the same time, this positive trend
was more apparent as the concentration increased.

The relationships between the contents of the PGME /water mixture and the flux at
30 °C are shown in Figure 11. As the concentration of PGME increased, the uptake of
water molecules into the NaA zeolite membrane was reduced, which lowered the water
diffusion rate and partial flux. Additionally, the greater the competition for the absorption
and diffusion of PGME molecules, the smaller the amount of PGME that passes into the
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NaA zeolite membrane. As a result, the flux of PGME decreased to values lower than those
of water.
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Figure 9. Effect of temperature on flux with 95 wt% PGME in the feed.
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Figure 10. Effect of the concentration of PGME in feed on the separation factor at different temperatures.

As shown in Table 2, the comparison of the separation performances for aqueous
PGME solutions between the PVA membrane and the self-supported NaA zeolite mem-
brane revealed that the high separation factor and separation index for PGME were re-
lated to their low adsorption in the membrane materials. Furthermore, the NaA zeolite
membrane possessed higher separation efficiency at a lower cost when compared with a
traditional PVA membrane. Therefore, the self-supported NaA zeolite membrane may be
useful for applications in the dehydration field.
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Figure 11. Effect of the concentration of PGME in feed on the flux at 30 °C.

Table 2. Comparison between PVA membrane and self-supported NaA zeolite membrane.

Membrane Separation for Flux . .
95 wt% PGME at 30 °C g/m?h Separation Factor Separation Index
PVA membrane 332 7.5 2500

Self-supported NaA zeolites

1100 2695 2,964,500
membrane

4. Conclusions

Self-supported NaA zeolite membranes were prepared via geopolymer hydrothermal
conversion for PGME/water pervaporation dehydration. Characterizations verified pure
surface NaA zeolite and a gradient bilayer structure: a micrometer-thin selective zeolite
film covers the 9.0 mm porous geopolymer substrate, which provides low-resistance feed
transport without participating in separation. The 9 mm thickness balances mechanical
strength and permeation flux. Separation follows the adsorption—diffusion mechanism,
where NaA preferentially adsorbs water over PGME. At 30 °C with 95 wt% PGME feed,
the membrane delivers a flux of 1.1 kg'm~2-h~! and a separation factor of 2695, greatly
superior to PVA membranes. This low-cost membrane exhibits excellent single-run lab-
scale dehydration performance, yet data on cyclic stability, regeneration, and pressure
resistance are missing. Further industrial-relevant tests will be carried out in follow-up
work to validate its practical application potential.
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